SUMMARY To evaluate the diagnostic potential and hemodynamic significance of exercise-induced multiple-lead QRS changes, we studied exercise test responses in 230 patients with chest pain syndromes undergoing Bruce protocol exercise tests. When increases in the R waves of multiple ECG leads (ZER) plus ST segment change > 1 mm were present, 74 of 75 patients (99%) had coronary disease; this was a higher percentage than that achieved with either measurement alone or when ST change was combined with increase in R in a single lead. Sixty-four of the 75 patients (85%) had multivessel disease, the most severe form of coronary artery disease. Left ventricular end-diastolic pressure (both at rest and after left ventriculography), presence and degree of resting ventricular asynergy, and ejection fraction were all significantly more abnormal in patients whose ZR increased, regardless of ST-segment change. Further, in patients who stopped exercise because of cardiac symptoms, exercise duration and the product of heart rate times blood pressure were significantly lower when ZR increased. Thus, the mechanism for the increase in ZR with exercise in patients with coronary artery disease appears to be related to abnormalities in left ventricular function. DESPITE CRITICISMS,1 the exercise test remains widely used in the evaluation of chest pain syndromes. However, because the problems associated with this use of exercise testing appear to be related in large part to the reliance on ST-segment changes as the sole criterion for diagnosing ischemia due to coronary artery disease, other ECG and non-ECG aspects of the exercise response have recently been used as diagnostic guides. These other features have included changes in heart rate and blood pressure (and the product of the two), exercise test duration, and increase in R-wave amplitude.2-9 The latter measurement, however, has been used only in a single ECG lead. The present study was designed 1) to evaluate the usefulness of multiple-lead QRS changes in diagnosing coronary artery disease in a symptomatic population, and 2) to determine the hemodynamic and ventriculographic implications of such QRS changes.
DESPITE CRITICISMS,1 the exercise test remains widely used in the evaluation of chest pain syndromes. However, because the problems associated with this use of exercise testing appear to be related in large part to the reliance on ST-segment changes as the sole criterion for diagnosing ischemia due to coronary artery disease, other ECG and non-ECG aspects of the exercise response have recently been used as diagnostic guides. These other features have included changes in heart rate and blood pressure (and the product of the two), exercise test duration, and increase in R-wave amplitude.2-9 The latter measurement, however, has been used only in a single ECG lead. The present study was designed 1) to evaluate the usefulness of multiple-lead QRS changes in diagnosing coronary artery disease in a symptomatic population, and 2) to determine the hemodynamic and ventriculographic implications of such QRS changes.
Materials and Methods Patient Selection
The cardiac catheterization files of the Peter Bent Brigham Hospital were retrospectively reviewed for the period January 1, 1975 to July 1, 1977 , and all patients without bundle branch block who had had maximal, symptom-limited Bruce protocol10 exercise tolerance tests for evaluation of chest pain syndromes were identified. These exercise tests were performed in the hospital or its private out-patient facility, usually within 24 hours before diagnostic cardiac catheterization, but always within 6 weeks, and no patient had marked clinical deterioration between the exercise test and the catheterization. All tests were performed with continuous, single-lead monitoring, and 12-lead ECGs and cuff blood pressures were obtained every 3 minutes during exercise, at its completion, both standing and supine, and at 1, 3, 5 and 8 minutes of recovery, or every 3 minutes thereafter until the tracing returned to control. The Mason-Likar modification of the limb lead placements'1 was used for all tests. Two hundred thirty-seven patients were identified, but in seven there were technical problems that did not allow comparison of postexercise ECGs with the resting tracings (usually one precordial lead having come loose during exercise); the other 230 patients formed the study group. Thirty-three of the patients were taking digitalis glycosides and 81 were taking propranolol; 16 had voltage criteria for left ventricular hypertrophy in the precordial leads;'2 14 had electrocardiographic diagnosis of anterior myocardial infarction'3 with small or no R waves in leads V, to V3; and 20 had inferior infarctions13 with no R wave in aVF. No patient had true posterior myocardial infarction. '3 Other characteristics of the population -sex ratio, age, prior chest pain history and exercise-induced chest pain (or the patient's usual anginal equivalent) -are shown in table 1.
All patients in the study underwent 60 seconds of supine hyperventilation, and none had either STsegment or QRS changes with hyperventilation. Additionally, no patient had further ST-segment or QRS changes when upright, before commencing exercise. The ECGs compared were the supine, prehyperventilation control tracing, and the supine, postexercise tracing showing the greatest degree of STsegment change. This was usually the supine tracing recorded immediately after exercise (also used for tests without ST changes), but in four instances, it was the tracing recorded 1 or 3 minutes after exercise. Rwave height (or S-wave depth) was measured at the end of the PR segment and was the average of all beats measured for each time period in each lead.
ECG positivity was defined as 1 mm of ST-segment Predictive values for multivessel disease were defined in an analogous manner, except that the presence or absence of narrowing in two or more coronary arteries or the left main coronary artery was required.
Statistical Analyses
In evaluating the proportions of patients with a given ST-segment or R-wave response and the percentage of patients with R-wave increases and decreases showing ventricular wall motion abnormality, the chi-square test was used to test the null hypothesis that differences in proportions could have occurred by chance. For evaluating the group means of the hemodynamic and exercise data, an unpaired t test was used to test the null hypothesis that the differences noted in mean values were random variations. The asynergy index did not distribute normally, due to a bulge of patients at the lowest possible value, 0. Because of this skew, a nonparametric test, the large-sample modification of the Wilcoxon rank-sum test, was used to test the similar null hypothesis. All data are expressed as the mean + standard deviation, except for the asynergy indices, which are expressed as the mean only.
Results

Patient Characteristics
There was no correlation between the age distribution of the patients and the presence or absence of R-wave or ST-segment abnormalities (table 1). The proportion of men was higher in each of the abnormal groups than in the whole population. A history of typical chest pain was more frequent than atypical pain. Exercise-induced chest pain was less common than a history of typical angina, and occurred most commonly when ST-segment change was present.
Coronary Arteriography
Of the 230 patients, 68 (31 men and 37 women) had normal coronary anatomy, 43 (31 men and 12 women) had one-vessel obstruction, 59 (51 men and eight women) had two-vessel obstruction, 60 (54 men and six women) three-vessel obstruction, and seven (five men and two women) had left main coronary obstruction.
Predictive Values for Coronary Artery Disease of Increases in ZR, RV5 and ST Change Figure 1 shows the predictive values for coronary artery disease of an increase in ZR, increase in RV5 and ST-segment change. All were highly predictive of coronary artery disease, with ZR the best predictor, but there was not a significant difference between these parameters. We then looked at combinations of QRS and ST changes ( Figure 3A shows the duration of exercise for patients limited by chest pain (63, 28%), fatigue (155, 69%), and dyspnea (seven, 3%); patients limited by dyspnea were excluded from this part of the analysis 
Hemodynamics and Wall Motion and the Change in 2R
For the group as a whole, all hemodynamic and wall motion parameters evaluated were significantly different and deviated from normal to a greater extent when ZR increased with exercise. Specifically, left ventricular end-diastolic pressure both at rest and, when measured, after left ventriculography, was significantly higher in patients with increased ZR (fig.  4A ). More asynergy was present in those patients, evaluated at rest ( fig. 4B ), and they had lower resting ejection fraction ( fig. 4C) .
Of 11 patients with hypotension at peak exercise, 10 (91%) had increases in ZR. This included the only patient with a false-positive increase in ZR who had exercise-induced hypotension and proved to have a congestive cardiomyopathy at catheterization. Table 4 shows that these comparisons were statistically significant between patients showing increases and decreases in ZR, whether ST depression of 1-1.9 mm, ST depression . 2 mm, no ST depression at greater than 85% of predicted heart rate, or no ST depression at less than 85% of predicted heart rate occurred. The presence of propranolol therapy, with or without digitalis, also did not alter these comparisons. There were two exceptions, where the trend, though in the same direction, did not reach statistical significance.
Patients with coronary artery disease were significantly more likely to have ventricular asynergy if ZR increased (77%, 72 of 93) than if it decreased (36%, 27 of 74) (p < 0.005).
False-positive Increase in ZR
There were eight false-positive increases in ZR in patients with no significant coronary disease. One had a final diagnosis of congestive cardiomyopathy, and was the only patient with abnormal ventricular wall motion or an abnormal ejection fraction in this group. Three others had abnormal left ventricular enddiastolic pressure at rest, which became more abnornmal after ventriculography. Two had abnormal left ventricular end-diastolic pressure only after ventriculography, and two had no detectable cardiac abnormality at catheterization. For comparison, of the 55 patients with no coronary obstruction and a decrease in ZR (true negatives), none had abnormal ejection fractions, three (5%) had mildly abnormal wall motion, 10 (18%) had an abnormal resting left ventricular end-diastolic pressure, 1 1 (20%) had an ab- ST depression is virtually diagnostic of coronary artery disease, and multivessel disease (the most severe form of coronary artery disease) is present in 85% of such cases. The absence of abnormal QRS responses, however, does not predict the absence of coronary obstruction. Thus, both electrocardiographic methods of analyzing the exercise response (R wave and ST segment) have a high rate of falsenegative responses. However, in populations with a lower prevalence of coronary disease (such as the women in our series), false-positive results are more prevalent, while false-negative results are less so. Even when there are no changes in the ST segments, however, increase in 1R still usually indicates coronary disease.
Mechanism(s) of Exercise-induced QRS Change
Our data appear consistent with the hypothesis that the change in QRS voltage associated with maximal exercise is a result of left ventricular dysfunction. Bonoris and associates', 9 assume that the Brody effect17 is responsible: increases in the volume of a heart chamber increase the radially directed electrical forces from the chamber walls, resulting in a larger amplitude of the QRS in an electrocardiographic lead. Normally, exercise or rapid atrial pacing leads to a diminution of the left ventricular volumes at both endsystole and end-diastole. '8-22 However, when ischemia is induced by exercise and end-systolic volume is measured, most 22, 23 but not all24 investigators find an increase in end-systolic volume of up to 50%.21 Lesser increases in this volume are seen with atrial pacing. [19] [20] [21] In normal patients, R waves decrease with exercise,25 and it is tempting to infer causation from the association of volume change and increase in R wave. However, this may not be the sole explanation for the changes we saw in our patients with coronary disease.
Holland and Arnsdorf26 have reviewed, from the perspective of solid-angle theory, the factors that modify the size of the QRS complex in any recording lead. These include the position of the heart with respect to that lead (including the Brody effect), the velocity of electrical conduction in the myocardium, the sequence of activation (for example, the presence of conduction blocks), the resting myocardial membrane voltage and the properties of the heart as a volume conductor, which include the intracellular properties such as hypertrophy of the cells and extracellular ones such as the content of the extracellular space, both tissue content (fibrosis, etc.) and ion concentrations.
Changes affecting some of the other (that is, not volume related) properties determining QRS voltage may occur with ischemia. Experimental studies in several species with ischemic stress27-29 severe enough to cause myocardial necrosis have shown increases in the QRS duration concomitant with the increases in QRS size during the hyperacute phases of ischemia. These conduction changes appear29' 30 to result from increases in local extracellular potassium due to leakage from ischemic cells. Conduction delay, by causing some areas of the left ventricle to depolarize later than others, can allow the electrical forces from those areas to appear unopposed by forces directed away from them, from the opposite ventricular wall, and thus can increase the size of the QRS deflection.
Whether these changes occur in humans at all, even temporarily, and whether they can be associated with the less marked ischemia characteristic of exercise testing, is not known. Kilpatrick3' has reported that in some coronary disease patients with exercise vector- cardiograms, transient changes in intraventricular conduction occur that are consistent with the experimental results cited above. Our data do not allow us to differentiate between these two mechanisms of R-wave increase with exercise, but this differentiation could be made by analysis of QRS duration in cardiograms recorded before and after exercise.
The possible reasons for the statistical trend toward better reliability of multiple leads in interpretation of exercise-induced R-wave changes include the development of a change in cardiac position with the deeper inspiration of peak exercise and early recovery, which could cause larger changes in RV, than those due to exercise. If this occurred, these changes should add to those seen in the right precordial leads due to exercise, and summing of multiple R and S waves should cause positional effects to cancel out, leaving those due to an abnormal response to exercise. Additionally, when the RV, is small, it may not change detectably with exercise, resulting in a false-positive response in a normal patient.
Hemodynamic Implications
It is important to consider the exercise and, catheterization measurements that we have shown to correlate with an increase in 2R. We have previously shown that mean peak exercise double product is lower in patients with coronary artery disease than in those with normal coronary arteries, and that exercise duration tends to be less.7 Double product correlates with maximum myocardial oxygen uptake32 and exercise duration with the Bruce protocol relates to left ventricular function.33 Both of these parameters were significantly lower in patients in whom 2R increased than in those in whom it did not, all of whom were limited by cardiac symptoms. This implies that increases in 2R relate to inadequate functional reserve due to coronary disease.
In addition, left ventricular wall motion is more commonly and more severely abnormal in patients with increases in 2R. In the present study, this refers only to resting wall motion, but we can speculate that during or after exercise, wall motion abnormalities are even more prevalent,23 contributing to the increased volumes required for the Brody effect. Ten of 11 patients (91%) with hypotension, a sign of severely depressed left ventricular function,34 had increases in
2R.
Left ventricular end-diastolic pressure is determined by several factors that are both intrinsic and extrinsic to the left ventricular myocardium.35 In our study, this pressure was significantly higher in patients with exercise-induced increases in 2R, and remained so when measured after the stress of left ven- 
